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(with 0.98pxp3) were prepared by the thermal decomposition in air of oxalate precursors. The influence of the thermal treatments on the structure of these materials is emphasized. Single-phase ceramics were obtained after optimization of the sintering parameters. A precise phase diagram for the Co-Mn-O system is proposed according to thermal stability and structure of oxide powders. The electrical measurements on single-phase ceramics show that low values of resistivity can be achieved. The conduction could take place through jumps of polarons between Mn 3+ and Mn 4+ on octahedral sites. These compounds present interesting electrical characteristics for negative temperature coefficient (NTC) thermistor applications.
Introduction
The study of cobalt manganese oxide spinels is made complex by the multiple oxidation states of manganese and cobalt and different structural possibilities. Thus, even for the compound MnCo 2 O 4 , several cationic distributions have been proposed [1] [2] [3] [4] [5] [6] [7] [8] [9] following the use of different characterization techniques ( Table 1 ). The oxygen content and the distribution of the cations on the different crystallographic sites are sensitive to the sample preparation methods, which makes the prediction of the cationic distribution difficult. In this study, the oxide powders were prepared via the oxalate precursor route. The structural evolution and the thermal stability were determined as a function of temperature.
The main studies reported on cobalt manganese oxides have principally concerned powders or thin films [10] [11] [12] [13] . Although there have been some works on ceramics [1, 2, 14] , no results have been published on detailed preparation conditions and particularly, on the difficulty to obtain the single-phase over the whole composition range 0.98pxp3. Precise control of the manufacturing parameters is needed, so the sintering temperature, the cooling rate and the sintering method have to be adapted for each composition.
These Mn-based spinels are oxide semiconductors. Unlike for Mn-Ni-O and Mn-Ni-Co-O systems that are largely used as negative temperature coefficient (NTC) thermistors [15, 16] , data on electrical properties are still lacking. To our knowledge, the only works reported for Mn-Co-O systems were those done by Kolomiets [1] and Jabry [8] on ceramics with low densification and/or multiple phases. The evolution of resistivity values with the composition is of primary interest for potential applications as NTC thermistors, and will provide information together with the structure, on the cation distribution.
In this paper, we focused on the preparation of bulk singlephase ceramics over the composition domain 0.98pxp3 and the determination of their electrical properties.
Experimental

Sample preparation
Cobalt manganese oxalic precursors, Mn 1Àa Co a C 2 O 4 Á nH 2 O, were obtained by the co-precipitation of an aqueous solution of ammonium oxalate (concentration 0.2 mol/L) and a mixture of manganese and cobalt nitrates, in the desired proportions (concentration 4 mol/L). After 30 min of ageing, the solution was filtered, washed several times with water and dried at 90 1C in air. The synthesis reaction can be summarised as
These precursors were then heated in air at 800 1C. The resulting oxide powders were mixed with an organic binder and pressed at 500 MPa into 6 mm discs. The discs were then sintered using the conventional process at different temperatures 1100 1CpTp1280 1 C in air and cooled at different rates, depending on the composition. The various cooling rates were chosen in order to show the influence of the process parameters on the structure and the electrical properties of ceramics. A more recent technique, spark plasma sintering (SPS) was also used to sinter the ceramics. In this case, the powder was introduced in an 8 mm internal diameter graphite matrix die which was previously lined with 0.75 mm thick graphitized paper and pre-compacted. In the SPS device, the temperature was measured using a thermocouple focused on the graphite matrix. The powders were sintered under vacuum between 700 and 750 1C, according to the composition of samples, with an applied load of 50 MPa using a Sumitomo 2080 apparatus. (PNF2 CNRS platform available at the University of Toulouse, France). Table 2 presents the chemical composition of the powders determined in the solid state (calcined powders) by plasma emission spectroscopy with a Jobin Yvon 2000 apparatus. To identify the phases and to measure the lattice constants, all samples were analyzed by X-ray diffraction (XRD) using a Bruker D4 Endeavor X-ray diffractometer. XRD patterns were refined by the Rietveld method associated with the Fullprof/WinplotR software package. High temperature XRD studies were carried out using an MRI chamber mounted on a Bruker D8 diffractometer. For each composition, oxide powders were heated to 60 1C/min up to 1000 1C. Thermogravimetric analyses of the oxide powders were performed on a Setaram TAG 16 apparatus. The samples were submitted to a heating cycle from room temperature to 1300 1C at a 31C/min heating rate. The bulk density was determined from the mass/volume ratio for the fired ceramics. In order to measure electrical resistivity of the ceramics, their faces were covered by evaporation with a thin film of gold of about 100 nm thickness. Resistance measurements were taken in an oil bath between 25 and 150 1C by a two-probe technique using a Philips PM 2525 multimeter. As mentioned in the introduction, only few studies exist on ceramics. In order to understand the behavior of ceramics, the structure and the thermal stability of oxide powders were first examined.
Sample characterization
The oxide powders Mn 3Àx Co x O 4 (0.98pxp3) were obtained after heat treatment in air at 800 1C for 4 h and a cooling rate of 150 1C/h. The structure strongly depends on the chemical composition.
For 0.98pxp1.54, X-ray diffraction measurements show that the oxides consisted of a mixture of tetragonal I4 1 /amd and cubic Fd3m spinel-type phases at room temperature ( Fig. 1) . Quantitative phase analyses have been undertaken with the Rietveld method. Since cobalt and manganese cannot be distinguished with X-rays, the refinements have been made with 50% of cobalt and manganese on each crystallographic site. The tetragonal phase was the main phase present for x ¼ 0.98 (92%), and decreased with the cobalt content. It became minor for x ¼ 1.54 (34%), the main phase being the cubic one. The tetragonal distortion from cubic symmetry is due to the high Mn 3+ ion content at octahedral sites (460%; cooperative Jahn-Teller effect). For xX1.78, the oxides crystallize in the cubic Fd3m spineltype structure. The compositional limit of the cubic cobalt manganese spinel phase strongly depends on the synthesis procedure and on the thermal history and varies between x ¼ 1.6 [17] and 1.8 [2] .
Then, the behavior of oxide powders Mn 3Àx Co x O 4 (0.98pxp3) with temperature was followed by thermal analysis. TGA curves for three compositions (x ¼ 1.54, 1.99 and 3) are shown in Fig. 2 octahedral sites according to the reaction
For spinel oxides with xo3, the temperature of reduction increases due to a decreasing amount of Co
3+
. During cooling, the mass gain corresponds to a progressive reoxidation. This reoxidation is complete only for Mn-rich samples but becomes increasingly difficult as the cobalt content increases. For higher cobalt contents, after thermal analysis, the spinel is no longer the unique phase. Slow cooling led to more reoxidation and less impurity phase. The temperatures of reduction were determined on our samples for 0.98pxp3 and added to the phase diagram reported by Aukrust and Muan [20] (Fig. 3) . They are in agreement with their results.
Moreover, the structural transformations with temperature were followed by high temperature X-ray diffraction until 1000 1C. For 0.98pxp1.54, the tetragonal spinel phase decreases with temperature. It disappears at high temperature and a single cubic spinel phase is observed. An example is given for x ¼ 0.98 in Fig. 4 with transition at 900 1C. Tetragonal-cubic transition with temperature has already been reported for spinels with the formula MMn 2 O 4 (where M ¼ Mn, Mg, Zn, Cd, Co and Fe) [21, 22] . For xX1.78, no structural transformations take place but for higher cobalt contents the presence of the additional phase (Mn,Co)O to the spinel (due to the reduction) is observed and confirms that deduced from the thermal analyses.
3.2. Influence of the sintering process (temperature and cooling rate) on the structure of cobalt manganese oxide ceramics
In order to study the influence of the sintering process on the structure of cobalt manganese oxide ceramics, different temperatures, dwell times and cooling rates were chosen. In all cases, for conventional sintering, a heating rate of 40 1C/h up to 450 1C was used in order to slowly eliminate the organic binder, and was then increased to 80 1C/h up to the sintering temperature. The results are presented in to two composition domains, because:
for Mn-rich oxides (0.98pxp1.54), the preparation of singlephase ceramics is limited by numerous structural transformations occurring at various temperatures;
for Co-rich oxides, the difficulty comes from the reduction of the cubic spinel phase at low temperatures.
The process conditions for conventional sintering in air for the oxides in the composition range 0.98pxp1.54 and the corresponding structure of the ceramics are reported in Table 3 . A quench in air performed from high temperature in the single cubic spinel phase domain, allowed single phase ceramics to be obtained. Instead of the cubic spinel phase observed at high temperature in the X-ray diagrams, quenched ceramics are tetragonally distorted. Indeed, the cubic phase is thermodynamically stable only at high temperature and cannot be isolated at room temperature [14, 17] . For x ¼ 0.98 and 1.27, dense pellets could not be obtained without cracks. These cracks originate from the thermal shock leading to a rapid cubic-to-tetragonal phase transition. As a consequence, samples were also quenched at lower temperatures but still in the single phase domain (900 1C for x ¼ 0.98 and 800 1C for x ¼ 1.27); the cracks were limited for x ¼ 0.98 and disappeared for x ¼ 1.27. When the quenching temperature was lowered again, two tetragonal spinel phases appeared: one being the tetragonal phase of the starting oxide powder and the other coming from the cubic high temperature spinel after the quench [17] . When the cooling rate was lowered to 200 1C/h, the cubic high temperature single phase decomposed into a mixture of cubic and tetragonal spinel phases. For 1.78pxp2.22, the process conditions for conventional sintering in air and the corresponding structure of ceramics are reported in Table 4 . In this composition range, the reduction of the spinel phase appeared at relatively low temperature (from 1150 1C for x ¼ 1.78 to 900 1C for x ¼ 3) and prevented the formation of well-dense single-phase ceramics. For x ¼ 1.78, a cooling rate of 30 1C/h led to ceramics presenting three different phases: tetragonal and cubic spinel phases and CoO. When the cooling rate was sufficiently low, the ceramic reoxidized again into the single phase. However, as the cobalt content increased, the kinetics of reoxidation during cooling became really slow. This is the reason why dense single-phase ceramics were not obtained by ''conventional sintering'' for x41.78. As a consequence, another sintering technique called SPS was used for these particular samples. It allowed a significant decrease of the sintering temperature (700 1C, which is lower than the lowest reductive temperatures) while reaching high densities (Table 5 ). We first checked the similarity of the structure for ceramics of the same composition (x ¼ 1.78) and sintered by the two different methods. The experiments were then done on samples with xX1.99. Due to the reductive atmosphere in the apparatus, the rock salt (Mn 1Àx/3 Co x/3 )O appears on the surface of the ceramics. But after polishing the surface, cubic spinel single-phase ceramics with xX1.99 and of high density were obtained for the first time, by SPS. energy dispersive analysis (EDS) performed on the ceramic fractures showed that the Mn/Co content is the same as in oxide powders. So, obtaining single phase ceramics implies an adjustment of the process parameters for each composition.
ARTICLE IN PRESS
The experimental values of lattice parameters a 0 ¼ aO2, c and the distorsion parameter c/a 0 were determined for single spinel phase ceramics, whatever the sintering method. They are plotted as a function of composition in [24, 25] . These lattice parameters are in agreement with those of the oxide powders.
Electrical properties of cobalt manganese oxide ceramics
We first checked that the electrical properties of ceramics of fixed composition (x ¼ 1.78) sintered with two different methods (classic and SPS) were similar (r ¼ 387 O cm for the classic method and 380 O cm for the SPS). Thus, the electrical properties of single phase ceramics were investigated over the whole composition domain, for all sintering methods.
The resistivity was determined, at 25 1C, for ceramics of each composition sintered using the standard technique and those sintered by SPS. This is presented in Fig. 6 T: tetragonal spinel phase; C: cubic spinel phase. exponentially as the temperature increased. The logarithm of r as a function of 1/T is linear (Fig. 7) , which is characteristic of the conduction process described by an Arrhenius law (1):
This result indicates that cobalt manganese oxides have ''thermistor'' characteristics. Moreover, their low resistivity is of particular interest for NTC applications.
The mechanism of electrical conduction for the spinel oxides has been described by Verwey [29] , through the appearance in the octahedral sites of the spinel lattice, of two types of ions of the same metal, but at different valencies, the electrical conduction taking place by polarons jumps between neighboring ions which thus change their valency. As proposed in the spinel systems Mn-Ni-O, Mn-Ni-Co-O, Mn-Cu-O,y the process probably occurs via Mn 3+ and Mn 4+ on octahedral sites [30] [31] [32] . This hypothesis is in agreement with cationic distributions given by Rios et al. [9] and Jabry [8] .
Conclusion
Cobalt-manganese oxides Mn 3Àx Co x O 4 solid solutions (0.98pxp3) were prepared from mixed oxalic precursors and heat treatment at 800 1C. For 0.98pxp1.54, X-ray diffraction analysis showed a mixture of tetragonal and cubic spinel phases. For xX1.78, oxides crystallized in a single cubic spinel phase. Thermal treatments had a direct influence on the structure of these materials. For each composition, the sintering parameters had to be adapted to obtain dense single phase ceramics. Two composition domains can be isolated: for 0.98pxp1.54, structural transformations with temperature involve quenching at high temperature (X900 1C); for 1.78pxp3, a reduction of the cubic spinel phase between 900 and 1150 1C required slow cooling to allow oxygen to be taken up. But, as the cobalt content increased, the reaction became less reversible. That is the reason why, for xX1.99, it was interesting to use the SPS technique to obtain single phase ceramics. This innovative technique is an alternative to standard sintering processes and was successfully used here for the first time on this type of materials. Then, the electrical properties of the single-phase ceramics were determined over the whole composition range, whatever the sintering method. Minimum resistivity was obtained for x ¼ 1.78. Conduction takes place by a hopping of polarons via cations Mn 3+ and Mn 4+ located on octahedral sites. These electro-ceramics should find interesting industrial applications as NTC thermistors. 
